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ABSTRACT

P_ytohthora parasitica var. nicotianae, which causes black
shenk disease, infected susceptible 'Burley 21) and resistant
(Burley 11B) tobacco plants growing in coil with moisture levels
ranging from 19 to nearly 100% of moisture-holding capacity (MC).
Host Burley 21 plants were kiled at each of four moisture levels
tested, although the disease developed slightly faster when
moisture was high. Generally, Burley liB Pnd 37 (resistant)
plants were diseased most severely when moisture was abundant,
although a high incidence of the disease occurrid in Burly 11B
plants when moisture was 19% of MHC. The latter results suggest
a relationship between moisture stress and disease severity.

Burley 21 seedlings 2 inches high were killed between 16 and
30 C. Disease development accelerated with increasing temperature
in this range. Burley l1B and 37 seedlings of the same age were
killed at 28 to 30 C but not at 16 and 20 C, although infection
occurred. In studies with older plants, Burley 21 plants in the
3- to 4-leaf and 7- to 8-leaf stages were killed at 24 and 31 C.
Some Burley liB and Burley 37 plants, inoculated in the 3- to
4-leaf stage, were killed at 24 and 31 C. When inoculated in the
7- to 8-leaf stage, some of these plants were killed at 31 but none
was killed at 24 C. The optimum temperature for the growth of the
fungus on oatmeal agar was 28 to 30 C.

Ii
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I. INTRODUCTION

Black shank of tobacco, incited by Phytophthora parasitica (Dastur)
var. nicotianae (Breda de Haan) Tucker, has been the subject of numerous
investigations, but there is limited experimental information on the
influence of soil environmental factors on infection and disease
development, especially in resistant tobacco var;ieties.

Most conclusions regarding soil moisture have resulted from field
or greenhouse observations and not from experiments where moisture• . !-6
levels were controlled. Several i.1vestigators observed that high
moisture conditions favored black shank development. Lucass reported
that high moisture favors the growth of the fungus in the soil, sporangia
production, and zoospore production and dissemination, but he suggested
that infection occurs under a wide range of soil moistures. Applev found
field inoculations were most effective under conditions of ample soil
moisture and warm temperatures. Heggestad and Nease observed that black
shank was severe in Tennessee breeding plots in a dry season. Johnson,
Chapman, and Valleau9 repoited that black shank was severe in plants
of Burley 11A and lB varieties during drought conditions in Kentucky.
Willsi recently reported that black shank in plants of the resistant
Vesta 5 variety was most severe in Virginia fields when drought followed
periods of high soil moisture. Wolf-' suggested an excess or deficiency
of soil moisture might contribute to the severity of black shank.

Tisdale and Kelley,2 reported the minimum temperature for infection
was less than 20 C. They observed that early season transplants remained
free of disease until the mean daily soil temperature increased to about
20 C. Kincaid and Gratz1 3 found the minimum temperature for disease
development in the susceptible Round Tip variety was about 16 C for newly
transplanted seedlings and about 24 C for plants inoculated several weeks
after transplanting. The optimum and maximum temperatures were about
28 and 34 C, respectively. They saw the first diseased plants in the
spring when the soil temperature ranged from 20 C at night to 24 C during
the day at a depth of 2 to 4 inches. Willsi reported the minimum
temperature at which infection and disease development occur to be about

6
20 C. Lucas reported little evidence of the disease in plant beds when
temperatures averaged less than 20 C, but incipient infection occurred
and the plants succumbed after transplantina to the field when the soil
temperatures rose higher.

Since susceptible plants were used to establish the cardinal
temperatures for disease development, information is limited on the
influence of temperature on disease severity in resistant plants. However,
there are indications that temperature may contribute to increased
severity.

4I
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Tisdale and Kellet 2 found that the optimum temperature for growth of
a Florida isolate of the fungus was between 25 and 30 C, with minimum and
maximum temperatures of about 12 and 35 C. Sporangia are produced most
abundantly at 24 to 28 C.

The studies reported here were conducted to determine the influence of
soil moisture and soil temperature on black shank development in plants
of susceptible and resistant tobacco varieties.

II. MATERIALS AND METHODS

Tobacco seeis were germinated at 25 C in petri dishes containing moist
vermiculite. Two-week-old seedlings were transplanted into 2 -inch clay
pots filled with a steam-sterilized 2:1 (v/v) mixture of sandy loam and
peat moss with a moisture-holding capacity (MHC) of 39.2% as deternined by
Riker and Riker's method.1 5  The soil pH, originally 5.6, was adjusted to
6.4 with 10% (w/v) Na2CO3 after autoclaving. Plant nutrients were supplied
by frequent application of a complete fertilizer solution (VHPF Plant Food
containing 6% N, 25% P205, and 10% K20 plus minor elements, manufactured
by Miller Chemical and Fertilizer Corp., Baltimore).

Inoculum was prepared from 18- to 21-day-old cultures of P. parasitica
var. nicotianae grown at 25 C on oatmeal agar (70 grams of Quick Quaker Oats
in 1 liter of distilled water). The sporangia-bearing mycelium was stripped
from the agar with sterile forceps and placed in a petri dish containing
30 ml of sterile distilled water. The dish was placed at 16 C for 45 minutes
to induce the discharge of zoospores. The mycelial mat was separated from
the zoospore suspension by filtering through a double thickness of cheesecloth
and the zoospore inoculum was used immediately. Suspensions thus prepared
contained about 1.5 x 105 zoospores per ml. In most studies, the plants
were inoculated by injecting the zoospore suspension I inch below the
soil surface with a needle and syringe at three locations 3/4 inch from the
crown.

Root damage, as present at the end of each study, was recorded on a 0
to 5 disease index simitlar to Apple's's on which 0 indicates roots healthy
and 5 indicates severe root rot and plant dead. Disease development on the
shoot portion or the plant was rated according to thp fo11-wng -n..x:
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Disease Severity Tndex Symptom

0 No wilt or discoloration

1 Slight wilt but no basal necrosis

2 Moserate wilt and slight basal
discoloration

3 Severe wilt and moderate basal

discoloration

4 Very severe wilt and basal rot

extending well into the stem

5 Plant dead

In moisture studies, four soil moisture levels ranging from near 20
to about 100% of soil MHC were obtained by use of an auto-irrigated soil
bed similar to that used by Bateman.1 7  The soil moisture content o4 each
of the four sections of the bed was determined at the time of inoculation
and at selected times thereafter. To obtain an average soil moisture
content, pots containing plants were selected at random and the moisture
content of the potting medium was determined by drying 100-gram samples
for 24 hours in an oven at 100 to 105 C. Constant soil temperatures in
the bed were maintained with a control system consisting of lead coils
for heat and copper tubing for cold water circulation. The bed was
sterilized between studies by releasing 1 pound of methyl bromide under an
impermeable cover placed over the bed.

Two separate moisture studies were conducted. The first was made from
March to May, 1964. Plants of the Burley 21 (black-shank-susceptible),
Burley liB (moderately to highly resistant), and Burley 37 (highly resistant)
varieties were grown for 3 weeks in the greenhouse before being placed
in the moisture bed, where they were grown an additional 4 weeks before
inoculation. At the time of inoculation, they were 8 to 10 inches high
and had six to eight leaves. Eight plants of each variety were inoculated
at each moisture level, four with a zoospore suspension and four with
infested whole-oat grain. Where zoospores were used, 5 ml of the suspension
were injected into the rhizosphere. The whole-oat inoculum was used to
determine if infectior occurred when no free moisture was added with the

cu .. ... L lo inocuml was peparedU by gLuwhiu Lh fuuigub 4 weeks at
25 C on moist sterile oats (20 grams of whole oats and 25 ml of distilled
water) in a 250-mil flask. The inoculum for each plant consisted of six
infested grains placed in each of two holes in the potting soil 1 inch
deep and 3/4 inch on each side of the plant stein.

The temperature in the bed was set at a constant 80 F. Disease
progress, as measured by macroscopLc symptoms, was followed daily. At the
end of the study, 3 weeks after the inoculation, the root systems were
washed free of soil and rated according to the disease severity index.
Control plants were separated into root and shoot portions, oven-dried,
and weighed to determine the effect of soil moisture on plant growth.
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A second moisture study was conducted .'-- Tune to September, 1964.
Burley 21 and Burley lIB seedlings were transplanted directly into the poLting
medium in pots placed in the moisture bed. Plants were grown for 7 weeks
in the bed before inoculation Ten plants of each variety at each moisture
level were inoculated, each with a 5-ml zoospore suspension. Eight were
maintained as uninoculated controls. The bed was operated at a constant
81 F. Greenhouse temperatures ranged from 75 to 105 F and averaged about
10 F higher than in the first study. Disease severity was recorded at the
end of the study, 2 weeks after inoculation.

In temperature studies, Burley 21, Burley 11B, and Burley 37 plants of
various ages were inoculated and grown at different temperatures. Seedling
studies were conducted in growth chambers maintained at constant temperatures
of 16, 20, 25, 28, and 30 C. Two-week-old seedlings were transplanted into
large test tubes (either 20 x 3.5 cm or 30 x 3.5 cm) containing vermiculite
moistened with Hoagland's solution and grown in a 28 C growth chamber ontil
2 inches high. Three plants, inoculated with 1.5 ml of the zoospore
suspension, and two control plants of each of the three varieties were placed
at each temperature. The study was repeated with similar conditions except
that inoculated and control plants were grown also at 10 C.

The first disease ratings were made when the susceptible plants showed
initial wilt symptoms. Thereafter, the rate of disease development at the
various temperatures was recorded daily. At the end of each study, 10 days
after inoculation, live plants were removed from the tubes, washed, and rated
for disease.

Studies with larger plants were conducted in the soil beds maintained at
temperatures of 24 and 31 C. The 24 C value was selected because it was
reported by Kincaid and Gratz13 as the minimum for disease development in
susceptible plants transplanted for several weeks. The 31 C was selected
because preliminary studies indicated that this temperature was near the
optimum for disease development in plants showing some resistance.

rwo separate experiments were conducted. In the first, the plants were
grown 8 weeks (8 to 10 inches high wit six to seven leaves) after transplanting
before inozulation. In the second experiment, they were grown 4 weeks (4 to
5 inches high with three to four leaves) and 9 weeks (10 to 12 inches high with
seven to eight leaves) before inoculation. Plants of each of the three
varieties were replicated 10 times at each temperature. All were maintained
under experimental conditions for 3 diyz before inoc w.. ..... .......-. f thp
zoospore suspension. The disease severity index was recorded daily after
the initial wilt symptoms appeared. The root systems were removed 15 days
after inoculation, washed, and rated for disease. The temperature experiments
were conducted from December, 1964. to March, 1965. Ambient temperatures
ranged fror,. 24 to 30 C during the experimental period. Soil moisture was
maintained at a level optimum for plant growth.
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To determine the influence of temperature on growth in vitro, the
fungus was grown on oatmeal agar at 10, 16, 20, 25, 28, 30, 34, and 38 C.
Petri dishes containing approximately 25 ml of oatmeal agar were seeded
with 5-mm plugs cut with a sterile cork borer from the periphery of a
5-day-old culture. The radial growth was measured 75 hours after seeding.

III. RESULTS

Soil moisture averaged 29, 50, 66, and 99% of MHC in the four sections
of the bed during the first study. A high percentage of the Burley 21
plants were killed at all moisture levels (Fig. 1). Infected roots from
the wettest soil showed a soft rot resulting in large portions of the root
systems being washed away in the cleaning process. The roots of plants
growing in soil at 29% of MHC were also "ocrotic, buc from a dry rot.

The disease was not as severe on Burley liB and 37 at any moisture
level as on Burley 21 plants (Fig. 1). Many liB plants and most Burley 37
plants survived the treatments, although the shoot portions of the plants
were stunted and the root systems had moderate to severe decay. In general,
the amount of damage in both Burley JIB and 37 plants increased with each
increase in moisture to 66%, ibove which there was no addition-l increase.
There was little difference in severity for the resistant Bur--y 37 plants
in the two lower moisture levels. The necrotic areas on the roots from
soils with 29 and 50% of Ki-C tended to be localized, a smaller portion
of che total root system being involved than oa plants growing at 66%
of MHC.

The type of inoculum used; zoospore suspension or infested whole oats,
had no visible influence on disease severity in plants of either the
susceptible or the resistant plants. Initial symptoms appeared 1 to 3 days
later and the results were slightly more variable when infested grain
was used.

The dry weights of roots and shoots of the control plants were greater
in soils that averaged 50 and 66! cf MUC than in the drier or wetter
soils. The plants of all varieties wprp 7tunted C..d chl ..... when grown
in soil near 100% of MhC.

Soil moisture averaged approximately 19, 59, 79, and 100% of MHC during
the second stud,. The first wilt symptom appeared in Burley 21 plants
growing in soil with moisture a: 79 and 100% of 1iIC. The large, highly
succulent plants, growing in scil with abundant moistnre, showed a severe
wilt 2 days after inoculaticn. This was followed by a discoloration near
the soil line that spread rapidly into the stem. The disease symptoms

i
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became pronoun:ed in plants in the two drier sections of the bed about
4 days after inoculation. The disease developed less rapidly the first
5 to 6 days after inoculation in soil with 19 and 59% MHC than in the
wetter soils. By the end of the 8th day, however, wilt and decay were
severe at all moisture levels. A high percentage of Burley 21 plants
was killed at all moisture levels by the time the experiment ended
(Fig. 2).

Disease symptoms on the Burley 1lB plants appeared much later and were
less severe than on Burley 21 plants. At a given moisture level, some
plants were killed but damage to other ,lants consisted only of some
necrotic areas on the roots, with little evidence of the disease above
ground except for stunting. The initial appe-.rance of the disease
indicated that Builey liB plants growing iii soils at 79 and 100% were
being attacked more severely; these plants were the first to show wilt
and the presence of necrotic tissues near the soil line. Eight days
after inoculation, however, 50% of the inoculated plante growing in the
driest soil showed a severe wilt in the early morning of each day. The
wilt became permanent and 2 days after its initial appearance the affected
plants showed typical black shank symptoms near the soil line. More
Burley liB plants were killed in soil at 19% of MHC than in soils with
higher moisture levels (Fig. 2).

Soil moisture had a significant influence on the growth of the plants.
Control plants growing in soil with 59 and 79% of MHC were significantly
larger than plants in soil with 19 and 100%. The plants in the driest
soil appeared to be under moisture stress, as they showed a slight wilt
lasting from mid- to late afternoon of each day.

Data from studies on the influence of temperatures on disease
development in the seedlings are summarized in Table 1. Generally, severity
of disease in plants of all varieties increased with increased temperature
from 16 to 30 C. The number of days before initial wilt and before death
decreased with increased temperature. There was no evidence of infection
at 10 C. Burley 21 plants showed wilt symptoms 2 days after inoculation
at 30 C, but 5 days were required before these symptoms appeared at 16 C.
The plants were killed in 4 to 5 days at 30 C and 7 to 8 days at 16 C.
Burley 21 plants were diseased more severely at the lower temperatures
than the resistant plants. Burley IlB and 37 plants were killed at 28
to 30 C but not at 16 and 20, although infection occurred at the two lower
temperatures. Damage to these resistant plants at the lower temperatures
consisted of discoloration, isolated lesions, and necrosis. all restricted

to the smaller roots.

I
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When larger plants were inoculated, disease severity increased with

an increase in temperature from 24 to 31 C. In the first experiment,
the disease severity index 15 days after inoculation was higher on all
varieties at 31 C than at 24 C even though a high percentage of the

Burley 21 plants were killed at 24 C (Table 2). Figure 3 shows the rate
of disease development in 4- and 9-week-old Burley 21, 1iB, avd 37
plants at 24 and 31 C in the second experiment. Final disease indices
are presented in Table 3.

The plants of all varieties of both age groups showed initial disease
symptoms sooner and disease developed more rapidly at 31 than at 24 C.
Generally, 4-week-old plants of the Burley l1B and 37 varieties had a
higher disease index sooner after inoculation than did the 9-week-old
plants. At 31 C, disease indices for Burley 21 plants of both age groups
were approximately equal. The disease in 4-week-old Burley liB and 37
plants was rather severe at both 24 and 31 C at 15 days after inoculation,
althot'gh the disease in 9-week-old plants of these varieties was severe
only at 31 C (Table 3), At this temperature, disease symptoms in Burley
l1B and 37 plants of the older group consisted of rather severe stem
and root decay and some dead plants. At 24 C, the symptoms consisted of
slight discoloration and decay of the smaller roots.

Mycelial growth of the fungus on oatmeal agar increased with each
increase il. temperature from 10 to 30 C with an optimum at 28 to 30 C.
Growth was retarded at 34 C; no growth occurred at 38 C.

IV. DISCUSSION

The results of the moisture studies substantiate the observations
by Lucas6 that infection of tobacco roots by E. parasitica ',ar. nicotianae

occurs over a wide range of soil moistures. He postulated that infection
occurs in soils with moisture sufficient for tobacco root growth. We
found that susceptible Burley 21 and resistant Burley UlB plants were
infected in soils at 19 to 100% of MHC. The positive effect of high
soil moisture on disease development in susceptible plants reported by
other workers i -  probably resulted largely from the enhancement of the
saprophytic growth of the pathogen, sporangia production, and subsequent
zoospore production and dissemination. Our findings do not indicate
soil moisture to be a limiting factor in the infection process. Hele,
5 ml of liquid zoospore suspension were added at the time of inoculation.
Inoculations were successful, however, in soil with 29% of MHC when
the inoculum consisted of infested oat grains with no free moisture.
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TABLE 2. AVERAGE DISEASE SEVERITY INDICES FOR 8-WEEK-OLD
PLANTS OF THREE TOBACCO VARIETIES 15 DAYS
AFTER INOCULATION WITH P. PARASITICA VAR.

NICOTIANAE AT TWO SOIL TEMPERATURES

Disease Severity at Indicated
Soil Temperature

Variety 24 C 31 C

Burley 21 4.6 /  5.0

Burley liB 2.4 3.4

Burley 37 1.0 4.1

a. Each value is an average of 10 replications.

TABLE 3. AVERAGE DISEASE SEVERITY INDICES FOR PLANTS OF THREE
TOBACCO VARIETIES OF TWO AGE GROUPS 15 DAYS AFTER INOCULATION
WITH P. PARASITICA VAR. NICOTIANAE AT TWO SOIL TEMPERATURES

Disease Severity at indicated
; Soil Temperature and Plant Age

24 C 31 C
Variety 4 weeks 9 weeks 4 weeks 9 weeks

Burley 21 4.92/ 4.6 5.0 5.0

Burley lB 4.6 1.8 5.0 4.0

Burley 37 3.8 1.4 3.9 3.2

a. Each value is an average of 10 replications.

In general, the disease developed slightly faster on susceptible Burley 21

plants as the moisture level was increased. However, when the experiments
terminated, the disease indices were similar at all moisture levels. The
results with resistant va:4oties varied between studies. The decreased
severity of disease in resistant plants when moisture was increased from 66
to near 100% of MHC in the first study possibly resulted from the low
vigor of plants in the presence of excess moisture. Resistant tobacco

plants in a stunted, chlorotic condition often are diseased less severely

than more vigorous plants.18 In the second study, disease severity
increased when moisture was increased from 79 to nearly 1007 of MH{C when

plants were maintained in a vigorous condition by fertilizing bef.ore
inoculation.
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Approximately 60% of the Burley llB plants were killed when grown in
a soil at 19% of MHC. The increased disease severity probably resulted
from increased susceptibility of the resistant plants under the stress
of low soil moisture. Other workers? have observed a high incidence of
black shank in resistant burley plants under dry soil conditions. Wills'0

recently reported that the disease was most severe in the field when
drought followed periods of high soil moisture. He also noted that
drought conditions favored disease development in resistant greenhouse-
grown plants. Our results indicate that soil moisture has two roles
in disease development. High soil moisture tends to favor the pathogen,
low soil moisture seems to lower the resistance of the host through a
moisture stress.

Soil temperature had a nctable influence on black shank development in
plants of susceptible and resistant tobacco varieties. In general, our
results agree with findings of Kincaid and Gratz.1 3  They found the minimum
temperature for disease development to be about 16 C in young plants of a
susceptible cigar-wrapper variety; in the present study, 2 -inch seedlings
of the ausceptible Burley 21 variety were killed at 16 C. Kincaid and Gratz
also found that the iz'luence of temperature on disease development in the
susceptible variety vaxed with plant age. Newly transplanted seedlings
became diseased at a iower temperature than plants transplanted for several
weeks (16 C compared with 24 C). For us, the disease developed on susceptible
Burley 21 plants in the 7- to 8-leaf stage at 24 C, the lowest temperature I
studied. The influence of the plant age on the temperature effects appeared
more important in plants of resistant varieties. For example, some resistant
Burley liB and 37 plants were killed when inoculated in the three- to four-
leaf stage at 24 C, but none of these plants was killed when inoculated
in the seven- to eight-leaf stage at this temperature. It appears that any
factor that increases susceptibility lowers the temperature at which
pathogenesis will occur.

That the resistance of the host influences the effects of temperature on
disease development was evident in the seedling studies in which susceptible
Burley 21 plants were killed at 16 C, but resistant Burley 11i and 37 plantsI were killed only at temperatures of 25 C and higher. Results were similar
in studies with larger plants. Some Burley 1lB and 37 olants inoculated
in the seven- to eight-leaf 5L4Fe were kcd all 31. C, but none c , h-t-
plants was killed at 24 C. The cause of the increased disease severity

in resistant plants at high temperatures was not determined. The high
temperatures were probably favorable to the parasitic growth of the fungus
in the host tissue. The tempdrature range of 28 to 31 C, in which maximum
disease severity occurred, is also the optimum for the mycelial growth
of the fungus in vitro.
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growing in soil with moisture levels tanging from 19 to nearly 100% of
moisture-holding capacity (MHC). Most Burley 21 plants were killed at each
of f.jr moisture levels tested, although the disease developed slightly faster

when moisture was high. Generally, Burley 1lB and 37 (resistant) plants
were diseased most severely when moisture was abundant, although a high
iktdl - VL LiltZ: di C41ti u-u- d iC u .1 uL ily j ID planulL, when moisture wa~s
19% of MHqC. The latter results suggest a relationship between moisture

stress and disease severity.

Burley 21 seedlings 2 inches high were killed between 16 and 30 C.

Disease development accelerated with increasing temperature in this range.

Burley lB and 37 seedlings of the same age were killed at 28 to 30 C but

not at 16 and 20 C, although infection occurred. In studies with older plants,

Burley 21 plants in the 3- to 4-leaf and 7- to 8-leaf stzes were killed

at 24 and 31 C. Some Burley lB and Burley 37 plants, inoculated in the 3-

to 4-leaf stage, were killed at 24 and 31 C. When inoculated in the 7-

to 8-leaf stage, some of these plants wefe killed at 31 but none was killed

at 24 C. The optimum temperature for the growth of the fungus on oatmeal
agar was 28 to 30 C,
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